We integrate out the Higgs boson in the electroweak standard model at one loop and construct a low-energy effective Lagrangian assuming that the Higgs mass is much larger than the gauge-boson masses. Instead of applying diagrammatical techniques, we integrate out the Higgs boson directly in the path integral, which turns out to be much simpler. By using the background-field method and the Stueckelberg formalism, we directly find a manifestly gauge-invariant result. The heavy-Higgs effects on fermionic couplings are derived, too. At one loop the log M H -terms of the heavy-Higgs limit of the electroweak standard model coincide with the UV-divergent terms in the gauged non-linear σ-model, but vertex functions differ in addition by finite constant terms. Finally, the leading Higgs effects to some physical processes are calculated from the effective Lagrangian. *
Introduction
In a previous article [1] we have developed a method to eliminate non-decoupling heavy particles from a theory and to construct a one-loop effective Lagrangian which parametrizes the low-energy effects of these heavy particles. We have applied functional methods, i.e. instead of calculating the effects of the the heavy fields diagrammatically, we have integrated them out directly in the path intgral. The contributions of the generated functional determinant to the effective Lagrangian have been expanded in inverse powers of the heavy mass. In Ref. [1] this method has been explained in detail by considering a simple toy model, viz. by integrating out the heavy Higgs boson in an SU (2) gauged linear σ-model without fermions.
In the present article we apply this method to a phenomenologically interesting example: we consider the SU(2) W × U(1) Y electroweak standard model (SM) and assume that the Higgs boson has a large mass in comparison to the gauge-boson and fermion masses and the external momenta of the scattering processes under consideration. We integrate out the Higgs boson and determine its non-decoupling effects, i.e. we calculate the O(M 0 H )-terms (which includes the log M H -terms) of the corresponding low-energy effective Lagrangian, including the effective terms with fermion fields. This way we formally construct the limit M H → ∞ of the SM at one loop, which is a good approximation to the physically interesting case of a finite but heavy Higgs mass close to the unitarity limit of M H ∼ 1 TeV. The leading one-loop Higgs contributions to scattering processes and physical parameters can then easily be derived from the effective Lagrangian. This will be discussed by considering some examples.
Our method to integrate out heavy fields in the path integral has been discussed in detail in Ref. [1] . Therefore, we will present all those parts of our calculation only very briefly which concern this method in general or which can be done in analogy to the SU(2) model without fermions considered in Ref. [1] . Different methods to construct low-energy effective Lagrangians by integrating out heavy fields have been proposed in [2, 3, 4, 5] .
The Higgs boson has recently been integrated out in the SM without fermions by diagrammatic methods in Ref. [6] . The result of our functional calculation agrees with the one given there. Comparing our functional calculation with the diagrammatic one, we find that the functional method simplifies the calculation very much. While in a diagrammatic calculation one has to calculate the Higgs-dependent contributions to various Green functions (i.e. very many Feynman graphs) and then determine the coupling constants of the effective Lagrangian by comparing coefficients ("matching"), in a functional calculation the effective Lagrangian is generated directly. For instance, there are 14 effective bosonic interaction terms which are expected to be generated by naive power counting. In fact only 7 of these terms are generated, but the others (viz. the custodial SU(2) W -violating dimension-4 terms) are not. In a diagrammatic calculation one has first to consider all these terms when comparing the coefficients, and then it turns out that they vanish. However, in a functional calculation it is obvious that they are suppressed by at least a factor M 2 W /M 2 H . The use of the background-field method [7, 8, 9, 10, 11] and the Stueckelberg Formalism [12, 13, 14, 15] automatically ensures the gauge invariance of the generated effective terms, while in the conventional formalism there are some subleties concerning gauge invariance of the matching conditions [16] .
In addition to the treatment of the bosonic sector of the SM, we also determine the effects of a heavy Higgs boson on fermionic interactions, which have not been calculated before. All effective fermionic interactions are proportional to m f /M W and thus suppressed for all fermions except for the top quark.
This article is organized as follows: In Sect. 2 we describe the background-field method and the Stueckelberg formalism for the bosonic part of the electroweak standard model and determine the one-loop part of the Lagrangian. In Sect. 3 we diagonalize the Higgs part of this Lagrangian. In Sect. 4 we integrate out the quantum Higgs field and construct the effective Lagrangian, which is written in a manifestly gauge-invariant standard form in Sect. 5 . In Sect. 6 we carry out the renormalization of the Higgs sector. In Sect. 7 the background Higgs field is eliminated, which yields the final effective Lagrangian. In Sect. 8 we integrate out the Higgs boson in the fermionic part of the SM and calculate the fermionic terms of the effective Lagrangian. Section 9 contains the discussion of the result. In Sect. 10 we derive the log M H -contributions to some physical processes directly from our effective Lagrangian. Section 11 contains our conclusions. In App. A the explicit form of the Feynman integrals occurring in the calculations are given. In App. B we prove an identity needed for our calculation.
2 The background-field method and the Stueckelberg formalism
The standard-model Lagrangian
In this and the subsequent sections we first consider only the bosonic sector of the SU(2) W × U(1) Y electroweak SM. The fermions will be included in Sect. 8. The bosonic part of the SM is specified by the Lagrangian
The field-strength tensors W µν and B µν read
where W µ = W µ i τ i /2 and B µ represent the corresponding gauge fields. We note that we use the convenient matrix notation for the SU(2) W representations throughout, with τ i denoting the Pauli matrices. The covariant derivative D µ Φ of the scalar Higgs doublet Φ is given by
Usually, the field Φ is linearly represented by
where H is the (physical) Higgs field and ϕ = ϕ i τ i /2 the (unphysical) Goldstone field. The non-vanishing vacuum expectation value is quantified by
For our purpose it is much more appropriate to use the following non-linear representation
where H is an SU(2) W singlet, and the Goldstone fields ϕ i form the unitary matrix U. In both representations the charge eigenstates of ϕ are given by
The different representations (2.4) and (2.6) are physically equivalent [13, 15] , i.e. both yield the same S-matrix. Inserting (2.6) into the Lagrangian (2.1), one obtains
In this form the advantage of the non-linear representation of Φ is apparent. Owing to the unitarity of U the unphysical Goldstone field ϕ only enters the kinetic term of the scalar fields, but drops out in the cubic and quartic scalar self interactions. Our conventions and notation for the parameters and fields follow the ones of Refs. [10, 11, 17] . Moreover, substituting g 2 → g, g 1 → 0, B µ → 0 reproduces the results of Ref. [1] for the pure SU(2) theory.
Finally, we consider the case of a very heavy Higgs boson, i.e. the limit M H → ∞. At tree level, the Lagrangian (2.8) reduces to the one of the gauged non-linear σ-model (GNLSM) [18, 19] , which follows from (2.8) simply by disregarding the field H. Beyond tree level the situation is much more complicated, as loop corrections associated with virtual Higgs-boson exchange lead to additional (effective) interactions. Our aim is to integrate out the heavy Higgs field at one loop and to construct the corresponding oneloop effective Lagrangian. However, the Lagrangian (2.8) contains the field H up to quartic power so that Gaussian integration is not directly applicable in the path integral. At one loop this problem is circumvented by the background-field method (BFM).
The background-field method
The BFM [7, 8] was applied to the SM with linearly realized Higgs sector in Refs. [9, 10, 11] . For a pure SU(2) gauge theory we generalized the BFM to the nonlinear representation of the scalar sector in Ref. [1] . The same procedure also applies to the SU(2) W × U(1) Y SM. Accordingly, we split the fields into background and quantum fields as follows: 9) where the hats mark background fields. In opposite to the gauge and Higgs fields the matrix U (2.6), which contains the Goldstone field ϕ, is split multiplicatively. Recall that only the quantum fields are quantized, i.e. they represent variables of integration in the path integral. The background fields act as sources for the generation of vertex functions in the effective action. The background fields correspond to tree lines and the quantum fields to lines in loops. Thus, at one loop only the part of the Lagrangian quadratic in the quantum fields is relevant, and therefore Gaussian integration is applicable. Furthermore, this means that for the construction of vertex functions only the gauge of the quantum fields has to be fixed. Choosing the gauge-fixing term for the quantum fields such that gauge invariance with respect to the background fields is retained, the effective action is "background-gauge-invariant", too. For the linearly realized Higgs sector (2.4) an appropriate gauge-fixing term was given in Refs. [9, 10, 11] , for the non-linear case (2.6) we use 11) which is the natural extension of the choice made in Ref. [1] for the SU(2) model. In the following we set ξ = ξ W = ξ B in order to avoid mixing between the neutral gauge fields A, Z at tree level. It is straightforward to check that Lagrangian (2.8) with L gf of (2.10) leads to an effective action which is invariant under the following background gauge transformation: 13) associated with the following substitution of the quantum fields in the path integral:
and θ Y denote the group parameters of the SU(2) W and U(1) Y , respectively. The Faddeev-Popov Lagrangian L ghost , which corresponds to the gauge-fixing term (2.10), is constructed as usual. In particular, L ghost neither involves the quantum nor the background Higgs field.
The Stueckelberg formalism
The gauge of the background fields has not been specified so far and can be chosen independently from the one of the quantum fields. It is most convenient to choose the unitary gauge (U-gauge) for the background fields, where all background Goldstone fields disappear. To this end, we use the Stueckelberg formalism [12, 13, 14, 15] , which has been generalized to the BFM in Refs. [1, 5] . We apply the Stueckelberg transformation
which transforms the W field-strength and covariant derivative as
The effect of this transformation on the Lagrangian is to map the matrixÛ to the unit matrix (Û → 1), but leaving everything else unaffected. The fact that no background Goldstone fields are present in intermediate steps of the heavy-Higgs expansion simplifies our calculation drastically. Inverting the Stueckelberg transformation (2.15) at the end, we recover the result for an arbitrary background gauge.
3 Diagonalizing the Higgs part of the one-loop Lagrangian
As pointed out above, at one loop only those terms of the Lagrangian are relevant which are bilinear in the quantum fields. In the background U-gauge the full one-loop Lagrangian reads
The auxiliary background fieldĈ µ occurring in (3.1) is defined viâ
and the corresponding quantum field analogously. Since the ghost Lagrangian L ghost is bilinear in the Faddeev-Popov ghost fields, which do not have a background part, the one-loop part of L ghost in (3.1) contains no other quantum fields than ghosts and remains unaffected by all following manipulations.
Fortunately, not all terms of L 1−loop in (3.1) are relevant for the construction of the effective Lagrangian describing the non-decoupling effects. In the following we only consider contributions of O(M 0 H ), i.e. we neglect all terms which yield no effects in the limit M H → ∞. Our complete method for the 1/M H -expansion was described in detail in Ref. [1] for the SU(2) case. Thus, here we shorten the presentation to the most important steps and omit more technical details. We write the one-loop Lagrangian in the symbolic form
with the modified quantum SU(2) W field
and the quantum photon field A µ . Obviously, there is no AH-term in (3.1). Applying Gaussian integration over H in the path integral directly to L 1−loop of (3.3), the terms linear in the quantum Higgs field H would yield (problematic) terms with inverse operators acting on quantum fields. However, the terms linear in H can be removed by appropriate shifts of the quantum fields [1, 2, 5] . Substituting successively [1] 
completely eliminates the HW -and Hϕ-terms without changing the W ϕ-mixing. The bilinear H-operator transforms into
The meaning of the hats over the inverse operators will be explained below. In contrast to the SU(2) case, the transformations (3.5) produce mixing terms between the quantum Higgs field H and the photon field A. Analogously to (3.5), these AH-terms can also be removed by suitable (but more involved) shifts without affecting the H-independent contributions. Only∆ H is modified again. However, these additional terms in∆ H only yield O(M 
as in Ref. [1] . In (3.8) we already made use of the fact that only the lowest-order part ∆
, in analogy to the situation in the SU (2) case. We still have to supply the meaning of the hat over the inverse operators in the previous formulas. As in Ref. [1] ,∆ −1 denotes the restriction of the hermitian, 2 × 2-matrix-valued inverse operator ∆ −1 to the subspace spanned by the Pauli matrices τ i . Only with this restriction the shifts (3.5) make sense, because it ensures that the rhs of these shifts are linear combinations of the Pauli matrices [1] . In terms of a perturbative expansion∆ −1 is given by∆
where ∆ 0 denotes the lowest-order contribution (which is proportional to the unit matrix) to the full operator ∆ = ∆ 0 + Π. The operator P is the projector onto the subspace spanned by the τ i . More generally, we define
where the P i project on the single Pauli matrices τ i , respectively. For the operators ∆, X of the one-loop Lagrangian (3.3) we just give the terms which are relevant for∆ H in (3.8), namely
After all these manipulations the resulting one-loop Lagrangian is obtained from (3.3) upon disregarding X 
Integrating out the quantum Higgs field and 1/M Hexpansion
The next step is to perform the path integral over the quantum field H by Gaussian integration. For a detailed discussen of this procedure, we again refer to Ref. [1] . The term quadratic in H yields a functional determinant which can be expressed in terms of an effective Lagrangian [1, 4] 
leading to the following expansion of the logarithm
(4.
3)
The first log-term of (4.3) yields a constant contribution to the effective Lagrangian, which is irrelevant in this context and will be dropped in the following. The powers of Π in (4.3) contain propagator terms (
Z originating from the derivative expansion of the inverse propagators∆
. Hence, upon inserting expansion (4.3) into (4.1), the effective Lagrangian can be expressed in terms of one-loop vacuum integrals of the type
In (4.4) it is already indicated that we use dimensional regularization throughout with D denoting the number of space-time dimensions, and µ representing the reference mass scale. g µ 1 ...µ 2k is the totally symmetric tensor of rank 2k built of the metric tensor g µν .
The first line of (4.2) cannot be taken literally for the derivative expansion. The partial derivatives do not commute with the background fields in∆ H (x, ip), and thus one also has to take care of the position of the derivative operators, which can easily be achieved in the actual calculation. i . Consequently, the index i and the argument ξ will be dropped for these in the following. In addition to the M H -dependence of the integrals, there is an explicit M H -dependence in the generated effective Lagrangian due to the Higgs self interactions and an implicit M H -dependence stemming from the occurrence of the background Higgs fieldĤ which will later be eliminated by a propagator expansion yieldingĤ = O(M −2 H ). Thus, as in Ref. [1] , we introduce an auxiliary power-counting parameter ζ, which counts the powers of p µ ,Ĥ and M H according to
In order to obtain the effective Lagrangian at O(M 0 H ), we only have to consider contributions up to O(ζ −4 ) in the expansion of log∆ H (x, ∂ x +ip) (i.e. up to O(ζ −2 ) in∆ H (x, ∂ x +ip)) and can neglect higher negative powers of ζ.
As a result of this power counting it turns out that most of the contributions of the projection operator P 3 (3.10) in ∆ ϕ (x, ∂ x +ip), which occurs in (4.1) with (3.8). Using (3.10) we write
and find with (3.9)
The operator (p 2 − ξM 2 i ) −1 P i occurring several times in this expression can be written as
The second term in (4.9) is O(ζ −4 ) and can thus be neglected in the second and the third term of (4.8), because∆
Expanding log∆ H (x, ∂ x + ip) and integrating over p in analogy to Ref. [1] , we find the effective Lagrangian according to (4.1), (4.2) and (4.3): 
Introducing standard traces and inverting the Stueckelberg transformation
The effective Lagrangian (4.10) has to be written in a more convenient form. Since we want to invert the Stueckelberg transformation (2.15) in order to obtain L eff in an arbitrary background gauge, it is useful to introduce appropriate gauge-invariant standard traces. Such traces have for instance been introduced in Ref. [19] 2 . Since we presently work in the U-gauge for the background fields, we express these terms both in their gauge-invariant form (lhs of the arrow) and in the U-gauge (rhs of the arrow):
2 In Ref. [19] the couplings constants α i are part of the effective terms L i while here they are not. Apart from this, our terms are identical with those used in Ref. [19] . The L ′ 1 defined there corresponds to our L 0 , and the traces in L 6 , . . . , L 10 , L 12 and L 13 of Ref. [19] do not occur in our calculation and thus are not listed here.
withD W defined in (2.11). Following Ref. [19] , we introduce the shorthand notation
First, we consider the terms in (4.10) which contain derivatives or covariant derivatives (2.3). These terms are proportional to I 011 , I 112 or I 213 . We express the derivatives in terms of field-strength tensors (2.2) and vector-covariant derivativesD µ W (2.11). These terms become
Next, we consider the terms proportional to I 011 and I i 111 (1) which contain the operators P i (3.10) with different coefficients for i = 1, 2 and i = 3. These can easily be evaluated by using
and a corresponding identity for
We find:
Finally, we reintroduce the background Goldstone fieldsφ i by inverting the Stueckelberg transformation (2.15), i.e. we transform the background fieldsŴ µ andB µ aŝ
The transformations of the fields, field-strength tensors and derivatives in the standard traces (5.1) under the Stueckelberg transformation (5.6) are given bŷ
Consequently, the traces (5.1) take their gauge-invariant form (lhs of the arrow in (5.1)) . Collecting all terms, we find 
This Lagrangian is manifestly invariant under the gauge transformations of the background fields (2.12), under which the quantities occurring in (5.8) with (5.1) transform covariantly according toŴ
The gauge for the background fields can now be fixed arbitrarily.
Renormalization
In the previous sections we have dealt with bare parameters and bare fields only. In the following, these bare quantities are marked by a subscript "0". We apply the renormalization transformation to the parameters The tadpole term t = v(µ 2 − λv 2 /4) is defined in the Lagrangian (2.1) via the term tH(x). We apply on-shell renormalization [11, 17] , where M W , M Z and M H represent the physical masses (propagator poles). The electric unit charge is defined in the Thomson limit as usual, and the renormalized tadpole vanishes 3 (t = 0). The remaining renormalized parameters are fixed by the relations
2) The on-shell conditions imply for the counterterms in (6.1)
where ΣÂÂ T , ΣŴŴ T , ΣẐẐ T and ΣĤĤ represent the transversal parts of the unrenormalized vector-boson self-energies and the unrenormalizedĤ-self-energy, respectively 4 . Concerning vertex functions and self-energies our notation follows the one of Refs. [10, 11] 
where B 0 denotes the general scalar two-point function
(6.5)
The B 0 -terms occurring in (6.4) are explicitly given in App. A. In addition we introduce the field renormalization
The renormalized Lagrangian remains gauge-invariant [11] , if one chooses
while δZĤ can be chosen arbitrarily. Since δZĤ drops out anyhow whenĤ is removed from the theory, we can simply choose
With the choice (6.7) the propagators of the massive gauge bosons acquire residues different from one. However, for the construction of the effective Lagrangian we only need for the gauge-boson field-renormalization constants that δZŴ and δZB only get contributions of
). This means that we could equivalently well normalize the residues of all gaugeboson propagators to one without affecting the final result of the effective Lagrangian. On the other hand, the condition (6.7) for δZφ is indeed necessary, because it guarantees that the renormalization of the matrixÛ (2.6) does not yield contributions of O(M 2 H ). As discussed in Ref.
[1], we do not have to carry out the complete renormalization for the calculation of the effective Lagrangian. It is sufficient to determine theĤ-dependent part of the counterterm Lagrangian
This part yields contributions when eliminating the background fieldĤ in the next section, i.e. in a diagrammatical procedure these terms contribute to reducible diagrams with 
while theĤ-independent part is obviously the same as in (5.8).
Elimination of the background Higgs field
Having integrated out the quantum Higgs field H, which corresponds to Higgs lines in loops, the effective Lagrangian still contains the background Higgs fieldĤ, which corresponds to Higgs tree lines in Feynman diagrams. The fieldĤ can now be eliminated in complete analogy to the procedure of Ref.
[1] so that we discuss this point only briefly here. Since theĤ-field corresponds to tree lines, theĤ-propagators can be expanded in powers of 1/M 2 H for M H → ∞. Diagrammatically this means that theĤ-propagator shrinks to a point rendering such (sub-)graphs irreducible which containĤ-lines only. The tree-level Lagrangian of the SM implies that this expansion corresponds to the replacement
The substitution (7.1) can be alternatively motivated by the fact that it corresponds to the use of the equation of motion (EOM) for the background Higgs field, which is fulfilled in lowest order by the tree-like part of Feynman diagrams. After applying (7.1), the effective Lagrangian L 
Finally, we insert the explicit forms (A.1) and (A.3) of the integrals in this expression and find:
with ∆ M H being given in (A.2). The tree-level Lagrangian of the SM for M H → ∞ is the Lagrangian of the corresponding SU(2) W × U(1) Y gauged non-linear σ-model (GNLSM) [18, 19] , which is obtained from the SM Lagrangian simply be dropping the Higgs field in the non-linear realization of the scalar fields (2.8) by applying (7.1) simply results in dropping all terms which containĤ. Thus, we find that the oneloop Lagrangian of the SM for M H → ∞ is the sum of the one-loop Lagrangian of the GNLSM, the corresponding counterterm Lagrangian, and the effective Lagrangian
The counterterm Lagrangian L ct GNLSM follows from the tree-level Lagrangian of the GNLSM (7.5) by applying the renormalization transformations (6.1) and (6.6). The renormalization constants occurring in L ct GNLSM are calculated from self-energies, as e.g. given in (6.3) for the mass and charge renormalization constants. Of course, the contribution of the effective Lagrangian L ren eff to the relevant self-energies have to be included in this procedure. The first three terms in (7.3) have the same structure as terms in the tree-level Lagrangian of the GNLSM (7.5). They can be absorbed into the corresponding counterterms and have no effect on S-matrix elements. Furthermore, the L 11 -term in (7.3) does not affect S-matrix elements 5 , because L 11 (5.1) can be eliminated by applying the EOMs [20] for the SU(2) W background vector fields within the GNLSM [1] ,
UsingD µ WD ν WŴ µν = 0, this leads toD µ WV µ = 0, (7.8) which is valid at tree-level. Since L ren eff only contains background fields (corresponding to tree lines), this is sufficient to render the contribution of L 11 to the S-matrix zero. Thus, the complete one-loop effects of a heavy Higgs boson on S-matrix elements, i.e. the complete difference between the SM for M H → ∞ and the GNLSM contributing to the S-matrix at one loop, are summarized in the effective Lagrangian 
H ), (7.9) where the explicit form of the traces (5.1) is inserted. Finally, we note that the result of our functional calculation (7.9) coincides with the result of the diagrammatical calculation in Ref. [6] 6 . (Note that our coupling constants g 1 and g 2 correspond to the constants g ′ and g in Ref. [6] by the substitutions
8 Fermionic contributions to the effective Lagrangian
The fermionic part of the standard model Lagrangian
In the previous sections we have only considered the bosonic sector of the electroweak SM. Now, we also include fermions in our calculation and determine the fermionic terms of the low-energy effective Lagrangian generated by integrating out the Higgs field.
The fermionic part of the SM Lagrangian is
where the index f labels the different fermion doublets Ψ f with the mass matrix 7 M f , and ω ± denote the chirality projectors,
In (8.1) and the following summation over all doublets Ψ f is assumed. The covariant derivatives are
We find a coefficient for the L 11 -term in (7.3) which is different from the one in Ref. [6] . This is due to the fact that we use the non-linear parametrization of the Higgs sector (2.6) while in Ref. [6] the linear one (2.4) is used. Such a reparametrization of the scalar fields may change Green functions but not S-matrix elements [13, 15] . As pointed out, the L 11 -term has no impact on S-matrix elements (as far as one considers the pure bosonic sector). 7 We neglect quark mixing throughout, i.e. the CKM matrix is set to the unit matrix. The generalization to finite quark mixing is straightforward.
where Q f is the electric charge matrix of Ψ f , and Y f,σ the weak hypercharge matrix of ω σ Ψ f . The scalar field Φ is again non-linearly realized according to (2.6).
The BFM is applied by splitting the fermion fields linearly according to 5) and the boson fields according to (2.9) . Finally, the Stueckelberg transformation of the fermion fields [14, 15] 
together with the one of the bosons (2.15) removes the background Goldstone fields from the Lagrangian.
Diagonalization
The one-loop part of Lagrangian (8.1) can be written in the symbolic form
with the operators
The indices a and b in the third line denote the SU(2) W indices of the 2×2-matrix δX Hϕ . As in Sect. 3, the mixings between the quantum Higgs field H and the other quantum fields can be removed by appropriate shifts of the quantum fields. It turns out to be useful first to remove the HΨ f -mixing in (8.7) before diagonalizing the bosonic sector of the SM Lagrangian (3.3). This can be achieved by the shifts
which modify the term bilinear in H and the Hϕ-terms in (3.3) and (8.7) according to
In (8.12), we define δX ′ Hϕ implicitly via H tr δX ′ Hϕ ϕ since its explicit expression outside the trace is not needed in the following. In addition to (8.11) , there is a modification of the HW -and HB-terms, which however can be neglected at O(M 0 H ). We also had to remove the f ϕ-, f W -and f B-terms by appropriate shifts before doing the shifts (3.5) in the bosonic sector (such that those do not effect the fermionic sector), and finally reverse these shifts in order to restore these terms. However, it turns out by simple power counting that the contributions of these shifts to the ∆s and Xs in the bosonic sector (3.11) only yield O(M 
In (8.13) terms yielding only O(M −2 H )-contributions are again neglected.
1/M H -Expansion
The fermionic part of L eff can be derived by expanding the contribution of δ∆ H in (8.13) to (4.1) in analogy to the procedure described in Sect. 4. This yields
Strictly speaking, in (8.15) vacuum integrals of the form 
The Stueckelberg formalism
We invert the Stueckelberg transformation (2.15), (8.6 ) in order to rewrite δL eff in a gauge-invariant form. The inverse Stueckelberg transformation is given by (5.6) and
This yields
This Lagrangian is invariant under the background gauge transformations (2.12) and
where S is given by (2.13) and S Y f,σ by
with the weak hypercharges Y f,σ (8.4). The second term in (8.18) can be simplified by applying the product rule for the covariant derivatives. This yields a term with derivatives acting only on the fermion fields and a term which has the same structure as the third term in (8.18) . The dimension-4 part (i.e. the second and third term) of (8.18) becomes
Renormalization
In analogy to Sect. 6, we have to add the fermionic part of the Higgs dependent counterterms to δL eff . The parameter-and field-renormalization transformations of the fermions are
From (8.18) one immediately reads
In this context, one should notice that the renormalized effective action only remains gauge-invariant if the left-handed fermion-doublet field ω − Ψ f is renormalized by one renor-
(in δZ f the superscripts R/L are used instead of σ = +/−). Similarly to the case of the gauge-boson fields considered in Sect. 6, the explicit form of the field-renormalization constants δZ σ f i is irrelevant for the construction of the effective Lagrangian as long as (8.23) holds. In particular, (8.23 ) is fulfilled in the complete on-shell scheme [17] , where all fermion propagators acquire residues equal to one. According to simple power counting, we only have to consider the contribution of δM + and inserting this into L 11 of (5.1), one obtains
To derive (8.35 ) and (8.36), we have used the definition (3.10) and the identity tr {(P AU)(P BU)} = tr {(P UA)(P UB)} (8.37)
where A and B are arbitrary 2×2-matrices and U is an SU(2) matrix. Equation (8.37) is proven in App. B. Thus, if one considers massive fermions, the contribution of L 11 to S-matrix elements does not vanish unlike in the pure bosonic sector. L 11 yields an effective four-fermion interaction which is quartic in the fermion masses. With (8.35) and (8.36 ) theD µ WV µ -terms in (7.3) and (8.27 ) take the form of one of the four-fermion terms already present in (8.27) .
Considering renormalization and the use of the EOMs, the fermionic contribution to the Lagrangian L ren eff (S-matrix) (7.9), which contains all effects of the heavy Higgs boson on S-matrix elements, is given by vector-boson three-point (and higher) functions, and the last two to vector-boson fourpoint functions. This means that the first two terms parametrize the effects of the heavy Higgs boson on LEP 1 physics, the next two become relevant for LEP 2 physics, and the last two for LHC physics.
By naive power counting one expects that integrating out the Higgs boson generates dimension-2 terms at O(M 2 H ) and dimension-4 terms at O(M 0 H ) (i.e. proportional to log M H ) [6, 18, 19] . Actually, only those effective terms which do not violate custodial SU(2) W invariance are generated at this order. However, the effective Lagrangian (7.3) contains only one custodial-SU(2) W -violating term 9 , namely L 0 (5.1). This is a dimension-2 term; nevertheless it is only generated at O(M 0 H ). There are 7 custodial-SU(2) W -violating dimension-4 terms [6, 19] but none of them is generated at O(M In analogy to the simpler SU(2) toy model considered in Ref.
[1], we find that the limit M H → ∞ of the standard model at one loop is the corresponding GNLSM plus the effective interaction terms given in (7.9) and (8.38), which describe the one-loop effects of the heavy Higgs boson. In order to calculate the complete one-loop effects to a given process at O(M 0 H ), one still has to consider the effects of the light quantum fields in the GNLSM Lagrangian. The coefficients of the effective terms in (7.9), (8.38) contain logarithmic divergences ∆ (see (A.2) ). Since the SM is is renormalizable, these UVdivergences necessarily cancel against the logarithmically divergent contributions of the non-renormalizable one-loop Lagrangian of the GNLSM L 1−loop GNLSM in (7.6). These have been calculated for the bosonic part of the GNLSM in Ref. [19] and for the dimension-4 terms of the fermionic part in Ref. [21] . Comparing our result (7.9) with Ref. [19] and the first two terms in (8.38) with Ref. [21] 10 we find that the divergencies indeed cancel. In particular, since logarithmic divergences and log M H -terms always occur in the linear combination ∆ M H (A.2), the logarithmically divergent one-loop contributions of the GNLSM to Smatrix elements coincide with the logarithmically M H -dependent one-loop contributions in the SM, if one replaces
However, the Lagrangians (7.9) and (8.38) contain additional finite and M H -independent contributions. Thus, the log M H one-loop contributions to the S-matrix in the SM can alternatively be calculated in the GNLSM with the replacement (9.1), however the constant contribution cannot be calculated within this model. Therefore, the GNLSM is not identical to the limit M H → ∞ of the SM beyond tree-level. In this context, it should be kept in mind that these results are derived in dimensional regularization. The non-decoupling one-loop contributions of a heavy Higgs boson to physical observables can directly be read from the effective Lagrangians (7.9) and (8.38) simply by calculating the contributions of the generated effective terms (which only contain background fields) at tree level.
Physical applications
In this section we illustrate the use of the constructed effective Lagrangian. We derive the heavy-Higgs effects for some vertex functions and transition amplitudes directly from our effective Lagrangian. As a consistency check, we compare the results with those of a diagrammatical calculation.
We skip the well-known heavy-Higgs effects on LEP1 observables, where the Higgsboson dependence is merely due to vacuum-polarization effects in the gauge-boson propagators. The corresponding log M H -terms can easily be read off from the first two lines in the effective Lagrangian (7.9).
Bosonic processes
We start by considering vector-boson scattering. In Ref. [22] the heavy-Higgs effects on the one-loop radiative corrections to γγ → W + W − in the SM have been investigated and related to the corrections within the GNLSM. From our Lagrangian (7.9) it is very easy to reproduce the results given there so that we do not repeat the explicit formulas. We just note that no log M H -terms in the SM with a heavy Higgs boson appear, i.e. the one-loop corrections to γγ → W + W − in the GNLSM are UV-finite despite of the non-renormalizability of the GNLSM.
As a second example we treat the process
in the heavy-Higgs limit. Here k 1,2 denote the (incoming) momenta of the incoming W bosons, and k 3,4 the (outgoing) momenta of the outgoing W bosons. The corresponding Mandelstam variables are defined by
The single terms in (10.4) 
H were calculated in Ref. [23] and Ref. [24] in an SU(2) gauge theory and the SM, respectively. Comparing our results with the ones given there, we find agreement for the log M H -terms 11 and the " √ 3π" term, which stems from Higgs-mass renormalization. The remaining M H -independent xy/M 4 W -terms are of course different since additional terms of this kind originate from bosonic loops without Higgs bosons, which are equal in the SM and GNLSM. As a consistency check, we have also calculated δM diagrammatically and found the same result. Figures 2,3,4 show the Higgs-mass-dependent subdiagrams contributing in O(M In this article we have integrated out the Higgs boson in the electroweak standard model directly in the path integral, assuming that it is very heavy. We have expressed all nondecoupling effects, i.e. effects of O(M 0 H ), of the heavy Higgs boson (including fermionic effects) in terms of an effective Lagrangian, from which the leading contributions of the Higgs boson to physical parameters and scattering processes can easily be read.
For the bosonic sector of the SM, this result itself is essentially already known from the diagrammatical calculation of Ref. [6] . However, we have derived it in a completely different way, viz. by integrating out the Higgs boson directly in the path integral instead of calculating Feynman diagrams and matching the full theory to the effective one. The functional method is a methodical progress for several reasons: As pointed out in Ref. [16] , diagrammatical calculations like those in Ref. [6] cannot determine the full content of Green function but only the "physically relevant parts". This is due to problems with gauge invariance of the matching conditions. However, owing to the application of the background-field method and the Stueckelberg formalism, our direct calculation yields the complete effective Lagrangian in a manifestly gauge-invariant form without those problems. Moreover, the functional method is a huge technical simplification in comparison to the diagrammatical one, because in the functional approach the effective Lagrangian -which contains contributions to many Green functions -is generated directly by integrating out the heavy field. In a diagrammatical calculation one has to calculate various Green functions (i.e. very many Feynman graphs), to write down all effective interaction terms which could possibly be generated, and then determine the effective Lagrangian by comparing coefficients [6] . We can use the convenient matrix notation throughout, i.e. we do not have to specify the single components of the fields. For the background fields we even do not have to introduce the physical basis. A striking simplification within our method is the fact that it is completely obvious that only 7 of 14 possible effective bosonic interaction terms of dimension 4 (or 2) are generated in O(M 0 H ) at one loop, i.e. that the 7 custodial-SU(2) W -violating dimension-4 terms are only of O(M −2 H ). This result was also found by the diagrammatical calculation in Ref. [6] , however no obvious reason why these terms cancel can be seen there. In our direct calculation these terms are not generated from the beginning; i.e. there are no cancellations. The suppression of all custodial-SU(2) W -violating terms by one power of M In addition, we also considered the fermionic sector of the standard model when integrating out the Higgs field, and constructed the fermionic terms of the effective Lagrangian. These have not been completely calculated before, neither functionally nor diagrammatically. Also this calculation becomes straightforward owing to the use of our functional method. If one applied the diagrammatical method, one would have to write down all possible effective interaction terms in order to find the matching conditions. Since even dimension-5 and -6 terms are are generated, this would be a large number, while in a functional calculation also these terms are generated directly.
In the present article we have integrated out a non-decoupling heavy field. However, the generalization of our method to the case of decoupling fields is straightforward yielding a wide field of phenomenologically interesting applications.
